Development and Investigation of a Textile-reinforced Thermoplastic Leaf Spring with Integrated Sensor Networks  by Hufenbach, W.A. et al.
 Procedia Materials Science  2 ( 2013 )  173 – 180 
2211-8128 © 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
Selection and peer-review under responsibility of Conference organizers (MSE-Symposium B6).
doi: 10.1016/j.mspro.2013.02.021 
Materials Science Engineering, Symposium B6 - Hybrid Structures  
Development and investigation of a textile-reinforced 
thermoplastic leaf spring with integrated sensor networks 
W. A. Hufenbach, P. Kostka, B. Maron*, D. Weck, J. Ehlig, M. Gude, M. Zscheyge  
TU Dresden, Institute of Lightweight Engineering and Polymer Technology, Holbeinstr. 3, 1307 Dresden, Germany 
  
Abstract 
Textile-reinforced plastics are of continuously rising interest for industrial applications. Especially textile-reinforced 
thermoplastics offer benefits for applications in aerospace and automotive engineering. This can be explained mainly by 
the large-scale production capability, e.g. due to very short cycle times. In addition to studies regarding process 
technology and simulation, it is necessary to provide continuous methods for the design, development and dimensioning 
of this new material group. Within the research of the collaborative research centre (SFB) 639 glass fibre polypropylene 
(GF-PP) hybrid-yarn-textile-thermoplastic (HYTT) composites are investigated. Lightweight design potentials of this 
novel material group and design methods are examined using a self diagnosing textile-reinforced thermoplastic leaf spring 
within the framework of a demonstrator vehicle. By that, strains resulting from loading conditions are captured by a 
material-integrated sensor network. Furthermore, design methods are studied with the intention of the realising of an 
actively controlled vehicle dynamics and a self monitoring of composite components. The investigations include the 
validation of sensor networks, a comprehensive characterisation of the textile-reinforced material and the development of 
adequate multi-body models. 
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1. Introduction 
Outstanding properties such as high strength and stiffness in combination with a low specific mass and the 
numerous possibilities of function integration make the still young material group of textile-reinforced 
thermoplastics interesting for future lightweight applications in industry [1]. To comply with the current 
demands in industry new design methods for complex, highly integrative thermoplastic hybrid yarn structures 
need to be developed. Especially functionalized composite structures with integrated networks appear to be in 
particular suitable for these demands and therefore are in the focus of current research [2]. For example, 
piezoelectric elements are used as actuators in an embedded "SMART Layer" [3]. Other authors are concerned 
with FRP integrated antennas for aircraft [4] or new functionalized airframes with artificial intelligence and 
sensing network techniques [5]. Further studies deal with optical fibre sensors embedded in thermoplastic 
composites to measure strain and specify fatigue during quasi-static loading [6]. 
Within the collaborative research centre SFB 639 “Textile-Reinforced Composite Components in Function-
Integrating Multi-Material Design for Complex Lightweight Applications”, function-integrating thermoplastic 
hybrid yarn structures are examined fundamentally. Within this research, a concept vehicle “FiF” as a generic 
demonstrator is developed for a prototypical application of all investigated technologies [7] [8].  
Requirements and loads of fibre reinforced plastic (FRP) components are usually very complex and 
generally dependent on the system into which they are integrated as well as on varying loads and media 
influences. Moreover, to increase operation safety it is necessary to determine the current condition and 
remaining lifetime of the component. For both dynamic load determination and health monitoring, the multi-
domain modelling including FEM with adapted material models and multi-body modelling was identified as 
an adequate approach. The aim of the described studies is to develop a comprehensive methodology to 
simulate the complex interactions during the component’s operation. For this purpose, the individual elements 
of the system have to be examined and subsequently linked to each other.  
A self diagnosing textile-reinforced thermoplastic leaf spring [9] integrated in the demonstrator vehicle of 
the SFB 639 was selected as a representative component for the examination of complex system interactions 
and for the development of coupled design methods. In this respect, three system elements are identified: the 
integrated sensor network, the hybrid yarn textile thermoplastic (HYTT) leaf spring structure and the external 
system (vehicle) with global loads. The structural behaviour of the leaf spring is simulated with adapted 
models for HYTT composites. In this way, new design methods were investigated to highlight the substantial 
lightweight design potentials of this textile-reinforced thermoplastic material group. 
2. Integrated sensor networks 
The investigated leaf spring has the integrated possibility to capture both the payload conditions and 
resulting strain. This will be realised by a material-embedded network of carbon fibre (CF) sensors to measure 
bending deformation as well as load sensors and carbon nano tube (CNT) based interphase sensors to detect 
failure [10].  
Based on experimental analysis, an adequate knowledge of the behaviour of the embedded sensor networks 
has to be established. Therefore, studies concerning the influence on material properties, limitations and 
correlation of sensor signals with the component loading have to be performed. The influence of the 
embedded sensor network elements on material properties was analysed in former studies and described 
in [11]. The present report particularly addresses the functional validation of novel CF-sensors. The main 
advantage of these sensors is the possibility of their integration during the preform manufacturing process. 
The first investigation stage consisted of tensile tests on HYTT composite specimens with embedded CF-
sensors (Fig. 1 (a)) and standard strain gauges in which the accuracy of the two types of sensors was 
compared up to tensile failure. In addition, non-destructive bending tests with embedded CF-sensors (Fig. 1 
(b)) were conducted. In both cases, the digital image correlation ARAMIS was applied as a reference strain 
measurement. 
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Fig. 1. (a) CF-sensor and (b) bending test specimen with embedded CF-Sensor 
Fig. 2 (a) shows the results of the experiments, which indicate a high precision of the CF-sensors up to a 
strain of approximately 1.5%. In the case of the embedded standard strain gauges, the useful measurement 
range ends at strains of approximately 2.5%. Further test series with integrated CF-sensor were carried out 
under 4-point bending conditions. In the area of elastic bending the CF-sensor measurement results are in a 
very good agreement with the results of the digital image correlation (Fig. 2 (b)). 
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Fig. 2.  Experimental analysis of (a) the correlation of ARAMIS strain measurements with strain signals of standard 
strain gauge and of embedded carbon fibre (CF-)sensor under tensile load and (b) ARAMIS strain against CF-sensor 
compression strain under bending load 
Future test series will focus on creep behaviour and hysteresis of the integrated CF-sensors. Initial 
investigations indicated that this phenomenon is strongly influenced by the sensor size and its position.  
3. Material characterisation and modelling  
A reliable application of HYTT composites for structural lightweight components requires on the one hand 
the consideration of realistic loading conditions (e.g. combined thermo-mechanical loadings) and on the other 
hand complex material models to describe the nonlinear material behaviour. For automotive applications, a 
temperature range from -40 °C up to 80 °C has to be incorporated into the component design. Hence, the 
temperature depending mechanical behaviour of HYTT material and its components was characterised within 
this temperature range.  
 Polymer specimens were investigated by dynamic-mechanical analysis (DMA). Thereby, a glass transition 
zone from -10 °C up to +20 °C with a glass transition temperature (TG) of approximately 8 °C at the local 
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maximum of the mechanical loss factor tan  was determined. This peak corresponds to a significant increase 
of the motion of the macromolecules in the amorphous regions of the thermoplastic polymer. With rising 
temperature, the curve of tan  exhibits a further peak at a second transition zone which indeed is located 
outside of the here investigated automotive temperature range. The second TG is associated to the motion of 
the crystalline polymer areas. Based on the identified TG-zone, the testing temperatures for the thermo-
mechanical characterisation of the HYTT composites were defined by the limits of the first glass transition 
zone, the limits of the temperature range for automotive applications and two additional verification 
temperatures. Extensive experimental procedures with tension and compression loadings, on-axis and off-axis 
material directions as well as different testing temperatures between -40 °C and 80 °C were performed. 
Within the investigated temperature range, the mechanical properties of the polypropylene matrix system are 
highly influenced by the temperature in contrast to the mechanical properties of the glass fibre reinforcements. 
Hence, the temperature has directly a major effect on the matrix-dominated composite properties like shear 
and compression behaviour. However, an influence of temperature on fibre-dominated properties (e.g. warp 
tensile strength) is also observed. The reason lies in a temperature dependent shifting of the composite 
damage and failure mechanism under different thermo-mechanical loadings [12]. 
For modelling of the mechanical behaviour of the HYTT composites, both the influence of the temperature 
and the nonlinear behaviour due to damage progress have to be incorporated. Different mathematical 
approaches were investigated for describing the temperature dependence of the mechanical properties and 
material model parameters. The hyperbolic approach by GIBSON [13] 
)))TT(k(1)(PP(5,0)))TT(k(1)(PP(5,0P)T(P 223211211 -tanh---tanh--  (1) 
is considered to be the most qualified approach. The temperature dependency of the property and model 
parameter values P(T) is described by only one function for the whole temperature range, including the abrupt 
changes at both transition temperatures T1 and T2. In equation (1), P1, P2 and P3 are the property values below 
the first TG, between both TG and above the second TG. The model parameters k1 and k2 enable the adjustment 
of the breadth of the transition zones. The nonlinear material behaviour is modelled by employing a 
phenomenological damage model developed by BÖHM for textile composites [14]. The model takes into 
account the temperature effects using the hyperbolic approach for the mechanical properties and additional 
model parameters. The constitutive relations result in 
jijiji ))T(D,T(C
~ .  (2) 
Both the stiffness tensor of the damaged material )T(C~ij  and the damage tensor )T(Dij  depend on the 
temperature. After an elastic domain, diffuse damage is initiated and the corresponding damage criterion is 
satisfied. For example under in-plane loading, the composed criterion of diffuse damage H is defined as 
follows: 
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Diffuse damage occurs if the stresses exceed either the associated tension strengths )(diffR
1  and )(diffR
2  or 
compression strengths )(diffR
1  and )(diffR
2 for both fibre reinforcement directions 1, 2 or the in-plane shear 
strength 12diffR . Hence, the damage threshold s becomes greater than one. The interaction of the single damage 
modes is governed by the interaction coefficient n . The growth of the damage parameter Ddiff,i (with i = 1, 2, 
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12) for each damage mode j (with j = 1(+/-),   2(+/-), 12) is controlled by the damage evolution law depending 
on the updated damage threshold sj, coupling parameters j i,diffq  as well the model parameters
j
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Further loading leads to an extension of the diffuse damage domain, which is associated with an increased 
degradation of the material stiffness  
))T(D)(T(E)T(E~ i,diffii 1   (5) 
and results in nonlinear material behaviour [15]. Exemplarily in Fig. 3, the in-plane shear damage 
behaviour of HYTT composites depending on temperature is presented. In Fig. 3 (a), the measured and 
calculated (Eq. (1)) in-plane shear strengths of diffuse damage and total failure depending on temperature are 
shown. In Fig. 3 (b), the calculated nonlinear damage behaviour is illustrated and compared to the 
experimental determined axial - -curves under tension loading at 45°-off axis- direction. In the case of in-
plane shear loading of HYTT composites, the model parameters 12diff and 
12
diff of the damage evolution law 
are temperature independent. The temperature effect appears only at the strength for diffuse damage 
)T(R12diff and indirectly at the associated damage threshold s
12 (T). 
 
(a) 
(b)  
Fig. 3. (a) Calculated and measured in-plane shear strengths depending on temperature of HYTT composites and (b) calculated and 
measured axial - -curves under tension loading at 45°-off axis- direction of HYTT composites 
4. FE-Simulation of the leaf spring with adapted material models for thermo-mechanical loadings 
 The presented damage material model (section 3, Eq. (2)-(5)) enhanced with the temperature depending 
properties and model parameters (section 3, Eq. (1)) has been implemented in the FE program ABAQUS. The 
used shell model consists of 380 S4R elements and is defined by symmetry boundary conditions (Fig. 4 (a)). 
The structural behaviour of the leaf spring is simulated with this model as a function of temperature. In Fig. 4 
selected results are presented. As expected, the flexural properties of the leaf spring vary significantly 
depending on temperature. The dependencies obtained from these thermo-mechanical simulations have to be 
considered within the subsequent multi-body models of the generic demonstrator vehicle. 
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Fig. 4. (a) Deformation results of leaf spring simulation with adapted thermo-mechanical material model and (b) linearised 
spring constant in dependency of temperature  
5. Multi-body simulation of the demonstrator vehicle 
To study the dynamics of the generic demonstrator vehicle FiF, two different simulation models using the 
software tool SimulationX are used. Firstly, the overall vibration characteristics of the system in dependence 
of the leaf spring constant are examined. For this purpose, the vehicle is described by an equivalent model of 
stationary individual masses, which are connected by spring-damper elements. The unevenness of the road 
surface is taken into account as a vibration excitation transmitted through a tuneable system consisting of four 
spring-damper elements, which represent the spring and damping characteristics of the tire (model type 1). 
The model type 2 includes the steering system of the vehicle as well as a tire-plane contact and allows the 
movement of the vehicle relative to the roadway. In this case, it is possible to consider physical quantities 
such as wind resistance or road friction and to simulate various driving manoeuvres. 
 
(a)  (b)  
Fig. 5. (a) Schematic multi-body model of a vehicle [16] and (b) visualisation with CAD (b) 
Independent of the multi-body model type, the leaf spring must be integrated in a way enabling the 
consideration of its elastic parameters, which are relevant for the vehicle dynamics. This could be done by 
importing the three-dimensional mechanical structure discretised during the previous FEM analysis. This 
process is connected with an appropriate reduction of the number of degrees of freedom (DOF) that enables 
accurate and efficient simulation with the multi-body model. It is also possible to reduce the leaf spring to a 
single 6-DOF joint with corresponding stiffness and damping matrices. In both cases it is necessary to add the 
parameterized matrices from the FE model into multi-body simulation in order use the correct stiffness and 
damping characteristics in dependence of the actual thermo-mechanical state of the leaf spring.  
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For a realistic simulation of the vehicle dynamics, an appropriate description of the road profile excitation 
is necessary [17], [18]. For a given vehicle speed, stochastic excitation signals can be calculated e.g. in 
accordance with ISO 8608: 1995 (E) based on a quality factor of a road related to its subjective flatness (Fig. 
6). 
 
 
Fig. 6. Simulated track excitation with resulting spring deflections (atop) and normal forces (below) 
6. Conclusion 
Initial approaches for the design and monitoring of HYTT components have been proposed and analysed. 
Thereby, the suitability of the integrated CF-sensors for active deflection measurement was verified during 
tensile and bending tests. Furthermore, adapted thermo-mechanical models for HYTT composites have been 
presented and successfully applied in a simulation of a HYTT composite leaf spring. A multi-body simulation 
of the demonstrator vehicle models has been developed to describe and examine the track excitation as well as 
the influence of the investigated textile thermoplastic leaf spring under different thermo-mechanical 
conditions.  
In subsequent studies it is planned to include results of complex tests of the sensor behaviour and textile 
reinforced thermoplastics behaviour under cyclic loading in the development process of novel adaptive and 
self-diagnosing composite components. Furthermore, exemplary basic studies will be conducted to develop 
new principles of the systematic lightweight construction with function-integrated textile-reinforced 
thermoplastic components and to prove the outstanding suitability of this material group for an efficient 
material application. 
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